The nucleus is the center of direction and coordination of the cell's metabolic and reproductive activities and contains numerous functionally specialized domains. These subnuclear structures are not delimited by membranes like cytoplasmic organelles and their function is only poorly understood. Here, we studied the most prominent nuclear domains, nucleoli and the remaining nucleoplasm. We used fluorescently labeled ovalbumin-ATTO647N, an inert protein, to examine their physical properties. This inert tracer was microinjected into the cytoplasm of HeLa cells, and after diffusion into the nucleus the tracer distribution and mobility in the two nuclear compartments was examined. Like many macromolecular probes ovalbumin was significantly less abundant in nucleoli compared to the nucleoplasm. High-speed fluorescence microscopy allowed visualizing and analyzing single tracer molecule trajectories within nucleoli and nucleoplasm. In accordance with previous studies we found that the viscosity of the nucleus is sevenfold higher than that of aqueous buffer. Notably, nucleoplasm and nucleoli did not significantly differ in viscosity, however, the fraction of slow or trapped molecules was higher in the nucleoplasm than in nucleoli (6% versus 0.2%). Surprisingly, even a completely inert molecule like ovalbumin showed at times short-lived binding events with a decay time of 8 ms in the nucleoplasm and even shorter-6.3 ms-within the nucleoli.
Introduction
All existing results on molecular mobility within cell nuclei suggest that passive diffusion is the only existent mode of molecular transport within cell nuclei and their compartments [1] . However, in nuclear compartments such as the nucleoplasm containing about 10% chromatin [2, 3] and especially the nucleoli containing numerous large ribonucleoprotein particles (RNPs) the movement of regulatory proteins, e.g. transcription factors [4] , is restricted. This was indeed demonstrated in recent years and intranuclear mobility can often be described as "anomalous" [5] . Furthermore, several attempts have been undertaken to specifically address the accessibility and mobility of small molecules in these intranuclear domains [2, [6] [7] [8] .
Today it is state-of-the-art to follow the motions of single molecules and particles with nanometer precision at millisecond time resolution in living cells. The movements of single molecules in cell nuclei reveal the underlying physical properties of the respective subnuclear domains. Therefore, such studies allow the analysis of intranuclear mobilities and binding processes at high temporal and spatial resolution [9, 10] .
We used recently single molecule tracking to obtain insights into the mobility of molecules inside cell nuclei and the existence of intranuclear boundaries. Our study of fluorescently labeled streptavidin bound to a biotinylated nuclear localization signal (NLS) demonstrated that single streptavidin molecules could move unhindered into and out of nucleoli and pericentric heterochromatin domains [8] . A different distribution and mobility of this probe molecule was found in the different compartments. Pericentric heterochromatin containing a two-fold higher chromatin concentration than the remaining nucleoplasm showed increased short-term binding (also designated as "trapping"), but a somewhat lower bulk probe concentration. Short-term trapping and probe concentration in the nucleoli were significantly reduced in comparison to the nucleoplasm. We concluded that heterochromatin contained less free volume, but more trapping sites compared to the nucleoplasmic space, whereas nucleoli contain less free volume and also less shortterm interaction sites. It appeared that chromatin would act as a potential structure causing short-term interactions with the probe molecule. However, in these experiments it could not be ruled out that the positively charged classical SV40 large T antigen NLS containing five basic amino acids residues, which was used to direct streptavidin into the nucleus, interacted with chromatin. The influence of the NLS on the single molecule studies was potentially distorting, but could not be clarified in detail.
To overcome this ambiguity we used in the present study the completely inert test protein ovalbumin, which does not require a NLS but can diffuse into the nucleus and does not interact with any nuclear component. We focused onto the most prominent intranuclear domains, the nucleoli [11] and the remaining nucleoplasm [12] . In order to characterize the structural constraints on molecular motion we visualized single fluorescently labeled ovalbumin molecules and tracked their motions in both compartments separately.
Materials and methods

Buffer and reagents
Transport buffer (TB; 20 mM HEPES/KOH, pH 7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 1 mM EGTA, and 2 mM DTT) was used for the dilution of microinjection probes. Phosphate buffered saline (PBS) was prepared from a commercially available stock solution (Biochrom AG, Berlin, Germany).
Proteins and peptides
Human nuclear transport factor 2 (NTF2) was expressed, purified, labeled and characterized as described [13] . Ovalbumin (SIGMA-ALDRICH, St. Louis, USA) was labeled with the fluorophore ATTO647N (ATTO-TEC, Siegen, Germany). Bovine serum albumin (BSA, 69 kDa, SIGMA-ALDRICH) and NFT2 were labeled with Alexa Fluor 488 (AF488, Invitrogen, Carlsbad, USA). For microinjection experiments at the single molecule instrument the proteins were diluted 1:1000 to 1 nM and centrifugated. TAT-FITC and R9-Tamra were a kind gift of M. Cristina Cardoso (TU Darmstadt, Germany). The labeled peptides TAT-FITC and R9-Tamra were diluted 1:10 to 100 nM in TB. FITC-Dextran (fluorescein isothio-cyanate-labeled dextran, MW 500 kDa, MW 40 kDa) was purchased from SIGMA-ALDRICH and diluted in TB to 2 μM for microinjection into cell nuclei [6] .
Cell culture
HeLa cells stably expressing histone 2B conjugated to the green fluorescent protein (H2B-GFP) were a kind gift from Heinrich Leonhardt (LMU, Munich, Germany). Human HeLa S3 cells and HeLa cells expressing H2B-GFP were cultivated in Dulbecco's Modified Eagle's Medium (Biochrom AG) with 10% fetal calf serum (HyClone/ Perbio, Bonn, Germany) plus 5 mM L-glutamine (Biochrom AG) and the antibiotics penicillin (100 U/ml) and streptomycin (100 μg/ml) (Biochrom AG). H2B-GFP expressing HeLa cells were cultivated as described above with 100 μg/ml gentamycin (Gibco, Invitrogen). For live cell microscopy cells were seeded on coverslips 1 day before measurements.
Microinjection
Microinjection was carried out with an Eppendorf injection and micromanipulation setup (Eppendorf, Hamburg, Germany). The parameters for cytoplasmic microinjection were set to 40 to 60 fPa injection pressure for 1 second. The transport receptor NTF2 efficiently binds to nuclear pore complexes (NPCs). It was fluorescently labeled by Alexa488 and co-injected in all single molecule tracking experiments. A clear line of green fluorescence then marked the position of the nuclear envelope [14] .
Confocal laser scanning microscopy and microinjection
Spatial distribution of ovalbumin was analyzed by live cell microscopy using a confocal laser scanning microscope LSM510 Meta (Carl Zeiss, Jena, Germany) employing a 63 ×, NA 1.4 objective lens in a temperature controlled incubation chamber at 37°C. We used the argon ion laser line at 488 nm and the HeNe laser lines at 543 nm and 633 nm for fluorescence excitation. The main beam splitter was an UV/488/543/633 filter. For detection of FITC and AF488 we used a band-pass filter BP500-530, and for AttoN647 a longpass filter LP650.
Image processing of confocal images
Confocal images were analyzed using ImageJ (W. S. Rasband, National Institutes of Health, Bethesda, USA, http://rsb.info.nih.gov/ ij/, 1997-2008). For quantification of the intranuclear ovalbumin concentration nucleoplasmic (Nu) and nucleolar (No) regions of interest were selected and the average fluorescence intensity was determined. The intensity values were normalized to the nucleoplasmic intensity measured after equilibration of the protein distribution. In this manner 19 cells were analyzed.
Single-molecule microscopy
The experiments were performed at 37°C using an inverted custom-built single-molecule microscope based on an Axiovert 200TV (Zeiss, Jena, Germany) equipped with a 63 × NA 1.2 water immersion objective lens. The combination of a 63 × objective lens and a fourfold magnifier lens at the camera port of the iXon BI DV-860 camera (Andor Technologies, Belfast, Ireland) with a pixel size of 24 μm yielded an object plane pixel size of 95.2 nm. Ovalbumin-ATTO647N was excited at 635 nm by a diode laser (Cube 635, 25 mW, Coherent, Santa Clara, USA) and FITC or AF488 were excited at 488 nm by a Cobolt Laser (Cobolt Dual Calypso, 100 mW). Setup and experimental procedures were previously described in detail [10] . Typically, for single molecule tracking of ATTO647N-labeled ovalbumin channel 1000 frames were recorded in a single movie using an integration time of 5 ms at a frame rate of 191,6 Hz. 38 movies from 24 nuclei were acquired and analyzed. To analyze the molecular trajectories in the nuclear and nucleolar domains separately the exact extensions of the domains had to be identified in reference images. A differential interference contrast (DIC) image revealed the position of nucleoli. However, the DIC image showed a lateral shift with regard to the fluorescence images, so that we had to introduce a shift-correction procedure, which was described in the Supplemental Material. A fluorescence image of co-injected NTF2-AF488 was acquired in the green fluorescence channel for determination of the nuclear envelope.
Single particle tracking
Single molecule signals were identified visually. Tracing of the single molecule signals was done using the commercial ImageJ plugin "ILTracker" (Ingo Lepper Software/Consulting, Münster, Germany), a Java plugin developed specifically to identify and localize the positions of single-particle signals by fitting 2D-Gaussians to the diffraction limited single molecule signals and to define the positions of singleparticle tracks. All further data processing was performed using Origin 8.0 (OriginLab Corp., Northampton, MA, USA).
Jump distance analysis
Diffusion constants were determined by a jump distance analysis of the single molecule trajectories [15] . The probability that a particle starting at a specific position will be encountered within a shell of radius r and width dr at time t from that position is given by [16] :
when starting at the origin. Eq. (1) is valid for a single mobility species diffusing in two dimensions. Experimentally, this probability distribution can be approximated by a frequency distribution, which is obtained by counting the jump distances within respective intervals [r, r + dr] travelled by single particles in a given lag time. Jump distance distributions of heterogeneous mobility species can be analyzed by curve fitting taking several diffusion terms according to Eq.
(1) into account [8, 17] .
Determination of binding duration
At times single ovalbumin molecules appeared stationary or immobile. Single molecules, which did not move beyond a distance greater than 1.5 pixels (corresponding to 143 nm) between 2 frames, were defined as immobile. To determine the duration of immobility, all trajectories were analyzed and sorted by a macro in Origin 8.0. The number of frames, for which single ovalbumin molecules did twice in succession not move beyond 143 nm, was determined. These numbers were converted to the time duration of immobility and accumulated in a histogram. The histogram data were fitted by an exponential function describing the dissociation of the particles from the binding sites.
Results
Intracellular distribution of microinjected fluorescently labeled ovalbumin
Ovalbumin has a molecular mass of 43 kDa and can therefore be expected to passively traverse the nuclear pore complexes to reach the nuclear interior. To verify this assumption ATTO647N-labeled ovalbumin was microinjected into the cytoplasm of HeLa S3 cells. The distribution of the inert protein within the cellular and especially the nuclear interior was observed for a period of 1 h by confocal microscopy. Two types of marker molecules were co-injected. Fluorescein-labeled TAT peptides were employed to specifically label the nucleoli, since they are known to efficiently accumulate in these nuclear domains [18] . AF488-labeled BSA marked the cytoplasm and served as control of nuclear envelope integrity. Ovalbumin yielded a pan-cellular distribution about 30 min after microinjection and remained constant afterwards (Fig. 1A) . These experiments demonstrated that ovalbumin freely diffuses into and out of cell nuclei as expected resulting in a homogeneous distribution in the cell. However, ovalbumin remained to a large extent excluded from nucleoli.
A quantitative analysis of the intracellular ovalbumin distribution was carried out by calculation of the average fluorescence intensity for both nucleoplasm and nucleoli (Fig. 1B) . The mean values of the fluorescence intensity in the respective domains were normalized to the final nucleoplasmic intensity. Average values were determined at different time points after microinjection to follow the ovalbumin distribution in the nuclear compartments and fitted by an exponential function. The fluorescence intensity within the nucleoli amounted to about 50% of that measured in the nuclear compartment.
Tracking of single ovalbumin molecules within nucleoplasm and nucleoli
To study the domain-specific dynamics of ovalbumin within the nuclear and the nucleolar compartments we used single molecule microscopy. Very low amounts of ovalbumin-ATTO647N were injected into the cytoplasm of HeLa S3 cells. After diffusion into the nucleus movies of single ovalbumin molecules were recorded with a single frame integration time of 5 ms at a frame rate of 191,6 Hz. NFT2-AF488 was co-injected, which binds with high affinity to the nuclear pores [10] . Thus, images of the NFT2-AF488 revealed the position of the nuclear envelope with high precision and allowed to restrict particle tracking to the nuclear interior. To specifically define the positions and extensions of the nucleoli we used bright-field DIC images instead of fluorescence labeling by TAT-FITC as done in the confocal microscope, because DIC allowed defining the nucleoli boundaries in the non-confocal single molecule microscope with higher precision. However, this required a correction for the lateral shift introduced by the DIC prism (see Online Supplemental Material). The limits of the nuclear compartment were defined by the nuclear envelope marked by NTF2 and by the borders of the nucleoli, which were determined using DIC. Subsequently, the trajectories of single ovalbumin molecules were analyzed in the nuclear and nucleolar compartments separately using a custom-written plugin for ImageJ. Using this plugin molecular trajectories were constructed by visual inspection from frame to frame. In this manner we established the molecular dynamics of the single ovalbumin molecules within the two different nuclear compartments. Fig. 2 shows exemplary images of a mobile and an immobile ovalbumin molecule after contrast enhancement.
The large images (Fig 2A and B, top) show plots of single ovalbumin trajectories in the nuclei of HeLa S3 cells. The trajectories were magnified in the smaller images on the left hand side. Below, the single frames of the movie were displayed, which demonstrate the different mobilities of the two molecules. Movement and binding of these two particles could be observed over a time period of about 30 ms. Fig. 3 shows all observed trajectories plotted onto the outlines of one cell nucleus. The plot demonstrates a heterogeneous mobility in the nucleus. A reduced number of ovalbumin trajectories in the nucleoli compared to the nucleoplasm is obvious. Repeated observations of ovalbumin molecules at a single position clearly revealed an immobilization, which suggested a non-specific binding or a "trapping" of the molecules within structures probably formed by chromatin (Fig. 3B) . Similar events were previously observed, when NLS-biotin conjugated streptavidin molecules were tracked in living cells. Table 1 .
The distribution of the observed ovalbumin trajectories in the nucleoplasm and the nucleoli
Ovalbumin mobility analysis
To get further insights into the intranuclear mobility of ovalbumin in the respective intranuclear domains, we analyzed the jump distances of the observed ovalbumin trajectories. The distances covered after 1 frame, 3 frames and 10 frames (and also after 2, 4, 5, 20 frames, data not shown) corresponding to lag times of 5.22, 15.66 and 52.2 ms were sorted, counted and plotted in a histogram representation in Fig. 4 .
Satisfactory joint fits of all jump distance histograms required the consideration of four different mobility fractions. However, this resulted in relatively large set of fitting parameters. In such cases one often observes distorting parameter correlations, which are intrinsic to every fitting process. For a better comparability of the dynamics in nucleoplasm and nucleoli we decided to reduce the number of free fitting parameters by fixing some of them during the fitting process.
The diffusion coefficients determined from the jumps from frame to frame (Fig. 4A and D) correspond to all identified mobility fractions in the subcompartments. Very fast molecules, which could only be observed at a lag time of 5,22 ms, were detected. The probability to detect fast particles over longer time periods is very low because they diffuse out of the focal plane. Accordingly, the jump distances covered after 3 frames showed that the slower fractions became more noticeable and slower particles were identified ( Fig. 4B and E) . After ten frames immobile molecules, which could be detected over long time periods until the fluorophore was bleached, were dominant ( Fig. 4C and F) .
In both nuclear domains we found almost identical values for the four diffusion coefficients, namely D 1 ≈ 0.1 μm , can be considered as immobile, because they did not move beyond the localization precision within 5 ms. We found a smaller fraction of immobile and a greater fraction of mobile molecules in nucleoli compared to the nucleoplasm. This became especially obvious, when we fixed the diffusion coefficients to the above given average values, and determined only their relative fractions. Then, in the nucleoli almost no "immobile" molecules were seen (0.2%), but 6% in the nucleoplasm. All determined diffusion constants, error ranges and the respective fractions were summarized in Table 1 . Altogether, the analysis suggested that the mobility of ovalbumin in the two compartments differed sparsely. We concluded that there is no significant difference in the effective viscosity of the nucleolus compared to the nucleoplasm. The parameters, which cause the different levels of protein concentration in the two nuclear domains, do not have an impact on molecular mobility.
Binding durations of ovalbumin in the nucleus
Visual inspection of the trajectories, and also the above quantitative analysis of the ovalbumin mobility revealed the existence of immobile probe molecules. To analyze the durations of such obvious binding or trapping events, we selected all trajectory sections, in which the observed molecules jumped only distances smaller than 143 nm twice in succession. This distance of 143 nm A, relative fraction; D, diffusion coefficient; N, number of single jumps from frame to frame. "Fix" means, that these fits were performed with the diffusion coefficients held constant. D1 in both compartments corresponds to immobile fractions. The results of the jump distance analysis at different lag times are summarized in the tables. JD1 represents the ovalbumin jump distance distribution from frame to frame, JD3 from frame 1 to 3 and JD10 from frame 1 to 10 corresponding to the lag times of 5.22; 15.66 and 52.2 ms. Four different mobility fractions could be identified. corresponded to the three-fold localization precision, and should therefore indicate an immobile molecule. The respective lengths of these trajectory segments in nucleoplasm (Fig. 5A ) and nucleoli ( Fig. 5B) were determined, translated into durations and plotted in a histogram. The binding times were almost exponentially distributed, and a fit by a mono-exponential decay function yielded the average binding times. Surprisingly, there were similar numbers of such events per unit area in nucleoplasm and in nucleoli, however, their duration differed: the binding times were 8 ± 0.3 ms in the nucleoplasm and 6.3 ± 0.3 ms in the nucleoli. Hence, the dwell time analysis revealed only short-term binding events and indicated a somewhat longer average binding or trapping duration in nucleoplasm versus nucleoli. As expected, no specific binding sites in the two nuclear compartments were seen.
Correlation of chromatin density and ovalbumin distribution
In order to test whether the ovalbumin probe concentration correlated with chromatin density we examined HeLa cells expressing H2B-GFP. Ovalbumin-ATTO647N was microinjected into the cytoplasm of HeLa cells, which stably expressed H2B-GFP [19, 20] (Fig. 6 ). Fig. 6A shows the distribution of H2B-GFP and ovalbumin inside the cells as determined by confocal microscopy. Magnification of a single nucleus allowed comparing the fluorescence intensity distribution of H2B-GFP, which directly corresponded to the chromatin density, and ovalbumin in nucleoplasm and nucleoli (Fig. 6B ). An intensity profile of a selected region is plotted in Fig. 6C . The GFP signal showed strong variations indicating relatively large variations in chromatin density. Ovalbumin displayed a significantly more homogenous distribution. 
Discussion
The cell nucleus consists of many functionally specialized compartments, which are not surrounded by membranes like cytoplasmic organelles. Their physico-chemical properties influence the dynamics and distribution of functional molecules, and are therefore of physiological significance. Here, we analyzed the features of two prominent nuclear domains, nucleoplasm and nucleoli, to deepen our understanding of the structural organization of the nucleus. We used the inert protein ovalbumin as a probe for viscosity and accessibility. Fluorescently labeled ovalbumin-ATTO647N was microinjected into the cytoplasm of HeLa cells, and after diffusion into the nucleus the probe distribution and mobility in both compartments was examined.
The intranuclear distribution of the fluorescently labeled ovalbumin was monitored by confocal laser scanning microscopy after microinjection in the cytoplasm of HeLa S3 cells. We observed a pancellular equilibrium distribution after 30 min, and the protein concentration in the nucleoli reached about 50% of the nucleoplasmic value.
High-speed fluorescence microscopy was employed to observe the movements of single ovalbumin molecules in nucleoplasmic and nucleolar compartments thus providing a detailed view to molecular events in the nucleus.
The mobility of ovalbumin in the two compartments was evaluated by a detailed quantitative analysis of the ovalbumin trajectories. Since the extraordinarily photostable fluorophore ATTO647N was used for labeling, numerous long trajectories could be recorded. Four different mobility fractions were identified by a jump distance analysis of the data with diffusion coefficients ranging from D = 13 μm . Hence the mobility of the unhindered moving probe molecules was reduced by a factor of 7 as suggested by previous results [21] . The diffusion constants for the mobile fractions were almost identical in both domains. A small immobile fraction was observed in the nucleoplasm (6%), whereas it was almost negligible in nucleoli (0.2-1%). Also, the average binding duration of the probe molecules was slightly longer (8 ms) in the nucleoplasm compared to the nucleoli (6.3 ms). These results show that the viscosity in both compartments was comparable, whereas the tendency to interact with or be trapped by larger structures was somewhat greater in the nucleoplasm than in nucleoli. Indeed, we obtained a very similar result previously with a different probe molecule, streptavidin carrying up to four NLS [8] . From the similarity of the results we can conclude that the presence of a classical NLS has no significant impact on the binding properties of intranuclear protein factors. To address this question was one motivation for the current study. It is a significant finding of this study that completely non-interacting molecules within the nucleoplasm do not exist. Even an almost perfectly inert molecule like ovalbumin shows a certain trend to interaction within the nucleus. This must be kept in mind, when the intranuclear trafficking of functional, active nuclear protein factors or ribonucleoprotein particles is examined [17, 22 , and J. Speil, U. Vinkemeier, J.P. Siebrasse, U. Kubitscheck, unpublished data]. Certainly, we cannot completely exclude that the interaction is mediated by the fluorophore. To minimize potential effects, we took care that the probe carries only a single dye. The ultimate probe would be an autofluorescent protein, however, their photostability does not yet allow a long-term tracking like it is required in this type of studies.
Obviously ovalbumin molecules-like streptavidin-NLS-at times interacted with certain structures in the nucleoplasmic compartment. We noticed that in the nucleoplasm different molecules were subsequently detected at the very same positions (Fig. 3) . Presumably, in these regions existed trapping structures, which confined the movement of the probe or formed unspecific binding sites. The dominant structure in the nucleoplasm is chromatin, which presumably modifies the motion of ovalbumin by forming mazes, networks or cages. The comparison of the ovalbumin and chromatin distribution should indicate the existence of a relationship. However, we did not detect a correlation between the relative irregular pattern of H2B-GFP, which directly corresponds to the local chromatin concentration, and the quite homogeneous nuclear ovalbumin distribution. This suggested that the binding or trapping events identified with single molecule microscopy are not related to chromatin structure but are rather due to non-specific interactions with other proteins.
A low tracer molecule concentration within the nucleoli versus nucleoplasm has been observed before [8] . The relatively rare and short-lived non-specific binding or trapping of the probe molecules can not explain such a relative drastic effect. Remaining explanations for the reduced protein level in nucleoli vs. nucleoplasm are either a reduced translocation rate from nucleoplasm to nucleoli or a smaller effective free volume within nucleoli. The first hypothesis was ruled out in the prementioned streptavidin study [8] , but the second was corroborated by previous studies from Handwerger and Gall [7, 6] . They found that dextrans with a size of 10 kDa to 2 MDa were increasingly excluded from the nucleoli. Small dextrans can invade nucleoli, but reach only a reduced concentration compared to the surrounding nucleoplasm. We conclude that, while the viscosity in both compartments is quite comparable and non-specific binding is not extensive, there is significantly less free space available in nucleoli than in the nucleoplasm.
